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ABSTRACT

The infrared radiance arising from the earth's limb for altitudes from sea
level to 500 kilometers and within the spectral limits of 5 to 25 microns was
determined from theoretical calculations. The atmosphere was dividesd into
two altitude regimes: the lower atmosphere (below 70 kilometers) and the
upper atmosphere (above 70 kilometers). The lower limb models were
developed from the University of Michigan computer program with modifica-
tions, including the addition of a model for nitric acid. Spectral radiances
were determined as a function of geometrical, gecographical, and t=mporal
parameters. Emphasis was placed on developing limb radiance models for
the upper atmosphere, including identification of active molecular species in
the infrared, the specification of their abundances and their wavelengths of
emission. In addition, particulate material sources, including infrared radia-
tion arising from dust particles and noctilucent clouds, and uncertainties in

atmospheric parameters were considered.
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PRECEDING PAGE BLANK.NOT FIIMED

FOREWORD

This special scientific report presents the results of a theoretical study of
the emission propertics of the carth's atmosphere. The study was performed
jointly under contract 1'19628-69-C-0258 by Honeywell Inc. as prime contractor

and GCA Corporation as subcontractor.

The study investigated the infrared radiance arising from the earth's limb
from sea level to an altitude of 500 kilometers and within the clectromagnetic
speetral limits of 5 to 25 microns. The primary purpose of the study was to
obtain first-order numerical estimates of horizon radiance for the design of

a horizon experiment program. In many cases, the results were obtained
without experimental verification; users are therefore cautioned on the
limitations of the resulting data. For study purposes, the atmosphere was

liv i od into two altitude regimes: the lower atmospherc (below 70 kilometers)

2nd the upper atmosphere (above 70 kilometers).

Th- lower limb models were developed from the University of Michigan
computer program with modifications, including the addition of a model for
nitric acid. Spectral radiances were determined as a function of geometrical,
veographical, and temporal parameters, taking into account the range of
carbon dioxide, water vapor and ozone concentration, and temperature profile

variations.

Emphasis was placed on developing limb radiance models for the upper atmos-
phere, This portion of the study included the identification of active molecular
speceies in the infrared, the specification of their abundances, their wavelengths
of emission and the development of a realistic physical model to perform
theoretical radiance calculations. In addition, particulate material sources,
including infrared radiation arising from dust particles and noctilucent

clouds, and the variability of limb radiance due to the means, extremes, and

uncertainties in atmospheric parameters were considered.
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SECTION I
INTRODUCTION

This study is concerned with the problem of investigating the natural infrared
background of the earth in the 5 to 25 micrometer region of the electromag-
netic spectrum. This general problem area is of interest from the standpoints
of systems design, military surveillance and the advancement of scientific
knowledge. 7i'he c¢stimates of the infrared radiant background from physical
models developec in the study are useful in these areas. Knowledge of the
magnitude, extreme range and variability of the background radiances is
important in defining the specifications of radiometer systems and the logic

of developing optimum background measurement programs. Ina similar
maniter, the background estimates are of interest in the areas of military
surveillance and homing interception defense measures. Finally, the problem
area is extremely interesting in terms of our scientific knowledge of the physi-
cal processes taking place in the atmosphere, especially in the altitude region

above about 70 km.

The scope of the current effort is the development of physical models to esti-
mate infrared radiation arising from active molecular gases and particulate
material in the atmosphere from the surface to about 500 km. The effort is
confined to viewing the atmosphere, geometrically speaking, against the rela-
tively "cold" background of space, and viewing geometrics include exoatmos-
pheric viewing where the reference frame is outside the earth's atmosphere
(e.g., viewing the atmospheric limb from a satellite platform) and endoatmos-
pheric viewing where the reference frame is imbedded within the atmosphere
(e.g., viewing from the zenith to the horizon from a rocket platform). This
study does not consider the infrared background of the earth-atmosphere
system, where the atmosphere is viewed against the "hot" infrared source of
the earth's surface, since the problem area has been investigated extensively

by other researchers.



The basic physics of developing a realistic theoretical model to estimate
radiance in the infrared spectrum are reasonably well known. Any theoretical
model relies on a knowledge of atmospheric properties. Our knowledge of the
physical properties of the atmosphere such as temperature and composition
are quite certain from the surface to upper balloon altitudes of about 30 km,
are less certain in the low altitude rocket range from 30 to 70 km, and become

uncertain and sometimes speculative at altitudes about 70 km.

In much the same manner, the physical methods of treating the problem of
computing background radiances may be divided into two altitude regions, a
lower atmosphere from the surface to 70 km, and an upper atmosphere
above 70 km. An extensive amount of theoretical modeling effort has been
performed in the lower atmospheric region. Much less effort has been per-
formed on the upper atmospheric region. The primary effort of the current
study is directed toward the problem of developing a realistic physical

model in the upper atmosphere.

For convenience in subsequent discussions, the atmosphere is divided into
two regions, the lower atmosphere and the upper atmosphere. Some of the

physical properties distinguishing these two regions are as follows:

Lower Atmosphere (surface to 70 km)

° Physical properties such as chemical composition, temperature

and pressure are reasonably well known.

e Collision hetween molecules is rapid enough to maintain a thermal

equilibrium population of vibrational states.

° Radiative transfer theory is well known and has been verified

against observations.



e A mixed Lorentz-Doppler line shape is required in the treatment

of atmospheric transmission properties.

Upper Atmosphere (above 70 km)

e Atmospheric properties such as chemical abundances and
temperature are uncertain as to their magnitude, variability
and even as to their identity in the case of minor atmospheric

constituents.

° Collisions between molecules are less effective in maiutaining

excited vibrational states as compared to the lower atmosphere.

° Radiation excitation mechanisms become more important with

increasing altitude.

° Radiative transfer theory is reasonably well known but has not

been verified extensively against observations.

° A Doppler line shape is a good approximation in treating atmospheric

transmission properties,

° Chemiluminescent and fluorescent processes become important.

In the problem of investigating the natural infrared background of the earth,
the current study relies on the physical model developed by Anding (1968) in
order to perform radiance calculations for the lower atmosphere. This model
has been incorporated in a working computer program whose calculations have
been verified against observations. The computational model for the upper
atmosphere developed in this study represents an entirely new effort. All

the properties mentioned in the physical description of the upper atmosphere
above have been developed and incorporated into a computer program. The
sophistication and accuracy of the physical model are commensurate with

the uncertainties in the knowledge of the physical properties of the upper

atmosphere.



The balance of the report summarizes the research effort performed under

contract F19628-69-0258 and presents preliminary results of background
radiance calculations for both the lower- and upper-atmospheric regions.
Section I, for example, discusses the derivation of temperature, pressure and
absorber profiles for the lower atmosphere. These represent the spatial and
temporal variations of atmospheric properties, and the model atmospheres

are used as input data to Anding's radiance synthesizer program. Section

III presents the results of background radiances from the lower atmosphere

in the 5 to 25 um region, the variability, means and extremes of infrared limb

radiances.

The effort directed towards the upper atmospheric portion of the problem is
presented in Sections IV through VII. A discussion of infrared active gases,
their abundances and wavelengths of emission is presented in Section IV.
These data are input values to the computational model which is developed in
Section V. Preliminary results of infrared background radiances are
presented in Section VI, based upon the computational model. These results
include examples of band radiances as viewed by excatmospheric and
endoatmospheric reference platforms. A detailed spectra from the H20
rotational band is also included in the results. The discussion in Section VII
concerns infrared radiation from pasrticulate material such as clouds and dust
in the upper atmosphere and from dust in interplanetary space. Consideration
of both gaseous and particulate sources of infrared radiation provides a
reasonably complete picture of the natural infrared radiant background of the

near earth environment.



SECTION II

DERIVATION OF TEMPERATURE, PRESSURE, AND ABSORBER
PROFILES FOR THE LOWER A'Il' MOSPHERE (0 to 70 km)

Part of the research effort during the study wus the derivation of models
of the lower atmosphere in the altitude range from the surface to 70 km.

These models include the altitude distribution of temperature, pressure,

and important absorber gases in the 5 to 25 pm spectral region. The speci-
fication of these parameters and their distributions with altitude are used as
input data to a radiation synthesizer program (Anding, 1969) which computes
spectral radiances as a function of arbitrary view directions. The model
atmospheres derived herein represent the spatial and temporal variations of
atmospheric parameters about the ecarth. PExtreme atmospheric conditions
are also included as part of the dath =ct, Spectral radiances computed from
these models will give a good indication of {he magnitude and variation of the
earth's natural infrared background for altitudes up to about 70 km. These
data are important in defining radiometer design specifications and spatial

sampling requirements.

This section discusses the sources of information used to construct the model
atmospheres, the uncertainties in our knowledge of parameters, varia-

tions as a function of time, latitude and longitude, and the methods used to
interpolate parameters as a function of altitude. The parameter profiles
derived in the study are tabulated in Appendix A, and Appendix B summarizes
the identification of codes in A. Acspendix C presents a selection of 47 model
atmospheres that are representative of spatial and temporal variations, mean

and extreme conditions about the earth.



A. APPROACH TO DERIVATION OF PROFILES

The infrared radiance is related to the atmospheric temperature, pressure,
and absorber distributions. To obtain estimates of the mean radiance and its
variability in time and space from theoretical calculations, one must have
estimates of the mean vertical profiles of temperature, pressure, and
absorbers, and the variations from the mean. The major meteorological
variations in the 0 'to 70 km region are the latitudinal and seasonal variations,
and season and latitude are used as a basis for deriving a set of profiles

representing atmospheric variability.

The computer program used to calculate radiances for the lower atmosphere

is a modified version of the one developed by Anding (1968). The absorbing
gases included in this program are HZO vapor, CO2, 03, HNOB’ N2O and CH4.
Only the first four of these gases are incorporated in the 5 to 25 micron region.
Even though radiances from nitrous oxide are not computed in the spectral
region of interest for the lower atmosphere, profiles of N2O are derived below
for the sake of completeness and use during future research efforts. Absorption
constants for CH4 are not presently available for the 7. 6-micron band: however,
its omission should not be significant in the lower atmosphere because of the

heavy absorption due to the strong wing of the 6. 3-band of water vapor.

Of the five gases mentioned, carbon dioxide and nitrous oxide are uniformly
mixed up to the levels at which dissociation begins. Water vapor and ozone,

on the other hand, vary vertically, horizontally, and with time. Thus, with
respect to carbon dioxide and nitrous oxide, it is sufficient to specify a con-
stant mixing ratio up to the levels of dissociation (for COz, ~100 km; for

N20, ~30 km). For both water vapor and ozone, however, as with temperature
and pressure, a number of different profiles are requiredtocover the range

of observed variations. Nitric acid is also variable with altitude and 1s

discussed in Appendix D.

All profiles cover the range from the surface to 90 km. For ease of tabulation
and punching the data on cards, and to minimize sources of error, each profile

is initially tabulated at the minimum number of heights necessary to portray

6



the main features of the particular profile. These heights may be called key
heights. Appropriate interpolation schemes are contained in the computer
program that prepares the initial profiles for input to the radiance calculations.
The following sections discuss each atmospheric parameter individually and
describe how vertical profiles representative of that parameter's mean state

and variability are constructed.

1. Temperature

The U.S. Standard Atmosphere (1962) temperature profile is adopted as the
mean temperature profile. The basic variations about the mean can be rep-
resented by several temperature profiles from the U.S. Standard Atmosphere
Supplements (1966): The 15° latitude annual mean; 45° latitude January and
July profiles; and 75° latitude January and July profiles. As presented in the
U.S. Standard Atmosphere Supplements, the 75° latitude profiles extend only

to 30 km. We have extended these profiles to 90 km as described below.

Observations of the summer temperature profile between 30 and 90 km at
Barrow, Alaska (71°N) (Theon, et al., 1967; Theon, 1968) indicate little
variability with time. Seven temperature profiles presented by Theon (1968;
Figure 6) are averaged to extend our 75° July temperature profile to 90 km.
Although the data are sparse for these altitudes in the arctic regions, the
available information does indicate little variability in summer. Thus, the
adopted profile, though based on few observations, should be representative

of arctic summer conditions at these altitudes.

For arctic (75° latitude) winter conditions, the U.S. Standard Atmosphere

Supplements contains three temperature profiles from the surface to 30 km.
These three —a warm, cold, and mean profile — cover the range of thermal
regimes that exist in the winter stratosphere. The cold regime is dominant

over northeastern Canada and the warm regime is dominant over the Aleutian



area. The mean profile is extended to 52.5 km using the analyses of kantor
(1966). Kantor derives temperature at 75°N latitude between 25 and 55 km

from radiosonde data for latitude 60°N, meteorological rocket wind and
temperature observations at Fort Churchill, Canada (55°N) and Fort Gieely,
Alaska (64°N), and application of the thermal wind relatiouship. The warim
and cold January, 75° profiles are extrapolated to 52.5 km by assuming that
their temperatures at 52. 5 kim are + 10°K from the mean temperaiure (sce
Figure 1). All three profiles are extrapolated to a common temperature of
210°K at 90 km, this temperature being based upon the few high latitude — high
altitude rocket grenade observations (Theon, et al, 1967; Theon, 1968). Il
should be pointed out that, as opposed to summer conditions in the 50 to 90 km
at high latitudes, the few available soundings indicate large variability in
winter — up to 80°K temperature change in 3 hours.

The standard atmosphere, and January temperature profiles for 45°N and 75°N
(mean) are plotted in Figure 2; the 15° annual mean, and July temperature

profiles for 45° and 75° are plotted in Figure 3.

The temperature profiles assembled thus far should provide a reasonable
estimate of the seasonal and latitudinal variability of temperature hetween
the surface and 90 km. In turn, they should yield reasonable estimates of

radiance variability when used as inputs to a radiance synthesizer prograin.

Aside from the expected seasonal and latitudinal variability of radiance, one
would also like to estimate extreme values that might occur. For this purpose,
two extreme temperature profiles have been constructed. These are bhased
upon information on extreme temperatures between the surface and 100, 000
feet that is presented in Valley (1965, Figure 2-7). Hot temperatures (those
exceeded only 10 percent of time in the hottest rregions) and cold temperatures
(those exceeded 90 percent of the time in the coldest regions) are presented

as a function of altitude. From the average range between hot and cold

temperatures over this altitude span which, for a normal distribution represents
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2.6 0, a standard deviation of 16°K is derived. For the extreme temperature
profiles, a 3 olevel, or plus or minus ~50°K is adopted. By adding 50°K to the
standard atmosphere temperature profile at all levels, one obtains the extreme
hot profile; by subtracting 50°K, one obtains the extreme cold temperature
profile. These synthetic temperature profiles should be useful for estimating

extremes in infrared radiance.

Temperatures at key heights from the surface to 90 km for all the temperature
profiles are tabulated in Appendix A. Linear interpolation may be used

between key heights,

2. Pressure

Pressure profiles are calculated from the temperature profiles with the use

of the hydrostatic equation. A surface pressure appropriate to each of the
Supplemental Atmospheres is used. For the two extreme temperature pro-
files, a surface pressure of 1013 mbar is used. The following integrated forms

of the hydrostatic equation are used in the pressure computations:

For constant lapse-rate layers:

T(z) g/aR
P(z) = P(zo) —_ (1)
T(z )
0
For isothermal layers:
glz -z )
P(z) = P(zo) exp |- —————— (2)
R T(z )

where P is pressure, z is altitude, zo is the altitude of the base of a layer,

T is temperature, g is the gravitational acceleration, ais the temperature

2



lapse rate in the layer, and R is the gas constant for air. The variation of
the gravitational acceleration g with altitude is included in the pressure

computation.

3. Water Vapor

For purposes of constructing profiles representative of the variability of
water vapor, the 0 to 90 km altitude range is divided into two regions: a lower
atmospheric region extending from the surface to 15 km (troposphere), and

an upper atmospheric region extending from 15 to 90 km (which, in this
section, is referred to as the stratosphere). The reason for this division

is the fact that there is very little information on the water vapor content of
the stratosphere and quite a large amount of data on the water vapor content

of the troposphere — especially th- lower troposphere. Thus, 1,0 profiles

in the troposphere are representative of seasonal and 1.'1titu(lma1-vur'1m;il v
for the stratosphere, only estimates of the mean Hz() profile and ju.ssiblc

extremes are possible.

Mean vertical profiles of atmospheric moisture content have been prepared
(Valley, 1965) from the surface to 10 km from the Supplemental Atmospheres.,
These data are used as the basis for the estimates of the variability within o
season and latitude belt, the information provided in the Atmospheric Humidity
Atlas — Northern Hemisphere (Gringorten, et al., 1966) is used. This

publication contains hemispheric distribution of various percentile values of

water vapor content for the surface and for the 8§50~-, 760-, 500-, and 400-mbar

levels as a function of month of the year. The analyses are based upon five
years cof world wide radiosonde data. From these maps, estimates of hich
(95 percentile) and low (5 percentile) water vapor mixing ratios for seasons
and latitudes are obtained, similar to those used for the temperature profiles

and mean water vapor profiles.
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When the water vapor mixing ratio is plotted on a semilogarithmic graph versus
altitude, it can be seen that the logarithm of the mixing ratio decreases ap-
proximately linearly with altitude. Using the data derived from the sources
listed above, the high, mean and low H,O profiles are derived as illustrated

in Figure 4. The plotted points are fo1‘~45 N, July, and are from the original
sources; the solid lines represent the adopted distributions: and the short
horizontal bars divide the troposphere into layers in which the logarithm of

the water vapor mixing ratio decreases at a constant linear rate with altitude,
Profiles were constructed in a similar manner for 15° annual, 45° January,

and 75° January and July conditions.

For the oversall mean, or standard atmosphere, water vapor profile in the
troposphere, the mixing ratio profile presented by Sissenwine, et .l. (1968)

is adopted which is based upon the data in Gringorten, et al. (1966).

Because of the low mixing ratios and pressures, water vapor in the strato-
sphere is extremely difficult to measure. Standard radiosonde sensors
generally cannot measure water vapor concentrations at pressures much below
400 mbar. A recent summary of available measurements has been presented

in Leovy (1969) and is quoted below.

"For observations in which serious contamination effects seem
to have been avoided, both hygrometer and spectroscopic obser-
vations indicate remarkably uniform water vapor mixing ratios
in the range 1-4 x 100 gm/gm from just above the tropopause
up to 20 or 25 km. Above 25 km, the picture is not so clear.
Relatively few measurements have been made at these heights.
Spectroscopic measurements are subject to ambiguity of inter-
pretation above 20 km (Houghton, 1960; and Williamson, 1965).
Some frost-point measurements have indicated continued dryness
with mixing ratios of 1-4 x 10™° gm/gm up to 30 km (Goldsmith,

1964). In a year-long series of frost~point hygrometer ascents at

14
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Washington, D.C., and Trinidad, Mastenbrook (1968) has found
mixing ratios predominantly in the range 1-4 x 10-6 gm/gm above

20 km, but with some seasonal variations, and with greater moisture
concentrations at the higher levels on a few ascents. Brown, et al.
(1961) flew a cooled vapor trap on a balloon between 25 and 28 km
and found mixing ratios ranging from 9 to 77 x 10-6 gm/gm at these
altitudes. They were able to rule out the possibility of contamination
from the balloon by introducing a small amount of deuterium into the
balloon as a tracer. The possibility remains, however, of some con-
tamination from other parts of their system, although great care was
taken to eliminate all sources of contamination. Recent frostpoint
measurem- 1ts by Sissenwine, et al. (1968), also indicate increasing
water vap. r concentration above 20 km, with mixing ratios of

20 x 1070 gm/gm at 25 km. The occasional occurrence of mother-of-
pearl clouds in this portion of the stratosphere has been cited as
indirect evidence for mixing ratios as high as 1074 gm/gm (Newell,
1963). "

As the above discussion indicates, there is, at present, no consensus as to the
mean HZO mixing ratio profile in the stratosphere nor of its variability, For
the present purpose of providing inputs to radiance calculations, the three
Hz() profiles for the stratosphere are adopted. These should cover the range
of present uncertainty in this gas concentration as well as any natural

variability.

For the mean stratospheric water vapor profile, the mid-latitude moisture
profile presented by Sissenwine et al. (1968) are adopted. Up to 32 km this
profile is based upon mid-latitude stratospheric frost point observations
obtained by Sissenwine and his colleagues. Between 32 km and 80 km, it is
based upon an extrapolation to a dewpoint of -130°C at 80 km. This dewpoint

is based upon an observation of the occurrence and dissappearance of noctilucent

clouds (Anonymous, 1963). The adopted profile has a maximum mixing ratio
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of 19 ppm at 26 km. The mixing ratio decreases with altitude above this level
to a value of 0.6 ppm at 80 km. Between 80 and 90 km, a constant mixing

ratio is assumed.

Our dry stratospheric water vapor profile is based mainly upon the frost-
point observations of Mastenbrook (1968). A value of 1 ppm between 15 and
30 km is assumed, a drop to 0.1 ppm at 80 km, and a constant value between

80 and 90 km.

For the wet stratosphere, a value of 50 ppm between 15 and 30 km is assumed,

a drop to 5 ppm at 80 km, and a constant value between 80 and 90 km.

The adopted standard atmosphere water vapor profile for the troposphere and
the dry, mean, and wet stratospheric water vapor profiles are illustrated in
Figure<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>